The interaction between the molten metal and the plasma-containing magnetic field in the breeding blanket causes the onset of a magnetohydrodynamic (MHD) flow. In order to properly design the blanket, it is important to quantify how and how much the flow features are modified compared with an ordinary hydrodynamic flow. This paper aims to characterize the evolution of the fluid inside one of the proposed concepts for DEMO, the Water-Cooled Lithium Lead (WCLL), focusing on the central cell of the equatorial outboard module. A preliminary validation was required in order to gauge the capability of ANSYS CFX to deal with MHD problems. The buoyant and pressure-driven fully developed laminar flows in a square duct were selected as benchmarks. Numerical results were compared with theoretical solutions and an excellent agreement was found. The channel analysis was realized on a simplified version of the latest available design geometry, developed by ENEA. The simulation highlighted various interesting features, including high velocity jets close to the baffle plate and the onset of an anti-symmetrical electric potential distribution. The electromagnetic pressure drops in the channel were also estimated and found consistent with previous results obtained for similar configurations.
Introduction
The Breeding Blanket Project (WPBB) was constituted in the 2014 to develop conceptual designs able to satisfy the condition of tritium self-sufficiency for the prototype DEMO reactor. The most promising concept would then be selected in 2020 as the main candidate for the implementation in the demonstrative fusion power plant. The Water-Cooled Lithium Lead (WCLL) is one of the four blankets actually under investigation and the only one to employ water as coolant for both the breeder zone and the first wall. An updated design with modular geometry and a revised layout of the coolant hydraulic circuit was released in the 2015 by ENEA [1] [2] .
The issues to be addressed by the project are numerous. One of the most compelling is the interaction between the lithium-lead (LiPb) and the magnetic field employed for the plasma containment. This phenomenon modifies the features of the fluid flow, therefore called magnetohydrodynamic. Lorentz forces arise in the bulk of the fluid, obstructing its movement, and cause huge increments in the breeder pressure drops. Moreover, the velocity distribution undergoes drastically alterations; jets, slug flow in the core, suppression of turbulent structures, etc. All these effects * Corresponding author:
Email address: alessandro.tassone@uniroma1.it (Alessandro Tassone a ) must be analyzed to ensure the meeting of the DEMO specifications by the WCLL [3] .
The purpose of this study was to investigate the features of the MHD flow in the elementary cell of the equatorial outboard module (EOB) of the WCLL and to provide a first estimation of the electromagnetic pressure drops. Despite the effort of the fusion community spent in the development, a code tailored to simulate MHD flows and extensively validated against theoretically solutions and experimental data is still unavailable [4] . For the purpose of this work, a commercial CFD code with an available add-on featuring the MHD governing equations (ANSYS CFX) was employed. A preliminary validation employing benchmark cases was conducted in order to gauge the capabilities of the code.
Formulation
The Navier-Stokes equations must be modified to include the interaction between the conductive fluid and the applied magnetic field, in order to correctly represent a MHD flow. In the following, the φ formulation of the MHD governing equations would be employed. If the fluid studied is a liquid metal, it would be characterized by a value of the Reynolds magnetic number (R m ) 1 and the influence of the induced magnetic field can be neglected [5] . For a steady and incompressible flow the continuity and momentum equations can be written as
where the third term on the right side of 2 represents the volumetric Lorentz force and the fourth a generic momentum source, i.e. due to buoyancy forces. The electric current density j is obtained by the Ohm's law and the charge conservation equations
Combining 3 and 4, it is found the Poisson equation
which, once solved, provides the electric potential φ distribution and, through 3, the current density one. Finally, the energy equation can be written as
where the source term Q accounts for the volumetric power generation inside the fluid, i.e. joule heating or nuclear reactions. The set (1)(2)(5)(6) constitutes the MHD governing equations for a steady and incompressible flow. Two fundamental parameters influence the flow features: the Hartmann number (M) and the wall conductance ratio (c). The Hartmann number is proportional to the ratio between the electromagnetic and the viscous forces, thus representing the deviation from an hydrodynamic flow.
where B is the intensity of the applied magnetic field; σ and µ are the electrical conductivity and dynamic viscosity of the fluid; L is the flow length scale. For a square duct, two different classes of boundary layers form alongside the walls parallel (side walls) and the ones perpendicular (Hartmann walls) to the magnetic field direction. The scale of these is a function of M through the relations δ S = 1/ √ M and
The wall conductance ratio represents the influence of the duct wall conductivity on the flow velocity field
where σ w is the electrical conductivity and t the thickness of the wall. A low value of c (insulating walls) leads to an higher resistance for the currents path and, therefore, to lower pressure drops compared with an high c scenario (conductive walls). 
Code validation
Two steady-state fully developed laminar flow benchmarks were employed: a buoyant flow for a pair of differentially heated walls and an adiabatic pressure-driven flow. Analytical solutions ( [6] , [7] and [8] ) and numerical data ( [9] and [10] ) were used to validate the results. The quality of these was measured with two indexes: a local error (evaluated on the peak velocity value) and an integral error. For the latter, it was considered the non-dimensional flow rateQ ( [4] ) for the forced convection case, whereas for the buoyant flow benchmark it refers to the integral of the side wall velocity profile. Simulations were conducted with M ranging from 10 2 to 10 4 for insulating and conductive walls. Some selected results are shown in Figure 1, 2 and 3. An overview of the results is available in Table 1 . 
WCLL cell analysis
The updated geometry of the WCLL elementary cell (Fig 4) was employed to perform the analysis [2] . The temperature of the LiPb was assumed as constant and equal to the inlet/outlet value (i.e. 599 K). Moreover, the volumetric heating was not modeled and any thermal flux from the LiPb to the channel walls, and vice versa, was neglected. Accordingly, the water pipes were removed from the channel geometry.
The magnetic field was assumed constant with toroidal and poloidal components imposed at their average values, calculated between the first wall and the manifold 1 . Due to this assumption, the 3D MHD effects were simulated only in the bend. In order to improve the convergence 1 
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Fig. 5. Velocity (top) and electric potential contour with current paths (bottom) for the inlet duct velocity and numerical stability of the simulation, two dummy walls were rendered in the bend region to avoid the breeder movements toward the nearby (not-modeled) channels. These were considered as formed by solid LiPb, electrically equivalent to the fluid.
The LiPb enters the cell in the bottom channel (inlet) then flows radially to the bend located near the first wall. Here the fluid rises in the poloidal direction and then bends again radially, leaving the cell through the top channel. At the inlet the flow is assumed to be in fully developed state with an average velocity of 1.55 mm/s. Relevant simulation parameters are available in Table 2 .
The reference flow for this simulation is the pressuredriven laminar flow in a rectangular duct with walls of finite conductivity [7] . However, the complex topology of the magnetic field and the different value of the wall conductance ratio assumed by the duct walls drastically change the flow features compared with the reference.
Due to the presence of both toroidal and poloidal components for the magnetic field, the electric potential distribution in the fluid is no longer symmetric across the duct mid-plane. The induced currents modify their paths to maintain themselves perpendicular to the magnetic field lines. The peak of the electric potential therefore shift toward the corners of the duct sited on the direction perpendicular to the magnetic field lines. Close to the other corners a weakening of the electric potential (and therefore of the electromagnetic drag) occurs with the appearing of high velocity jets. The low conductivity ratio of the baffle enhances the jet nearby, whereas the opposite happens for the one close to the stiffener. In Fig. 5 and 6 , the electric potential and velocity contour for the cell are shown.
The fully developed state is maintained for the most part of the inlet channel due to the hypothesis made at the inlet and the intensity of the magnetic field. This happens because of the induced currents being confined to the crosssection. When the fluid approaches the bend region, an axial potential difference appears, driven by the velocity Fig. 6 . Velocity (top) and electric potential contour with current paths (bottom) for the whole cell The overall channel pressure drop amounts to 178.33 Pa (of which only the 3% of the total ascribable to the 3D pressure drops) a value that is comparable with the one calculated by de les Valls et al. [11] for a similar configuration and perfectly conducting walls (248 Pa). The differences between the two values can be explained due to the less conductive walls of the WCLL layout, the weaker magnetic field, more realistic inlet conditions and a larger bend region.
Conclusions
This activity investigated the MHD flow of the LiPb inside the central cell of the EOM of the DEMO WCLL blanket concept with the help of a main-purpose CFD code ANSYS CFX. Validation conducted on selected benchmarks demonstrated that the code was suitable for solving MHD problems. A simplified analysis of the WCLL elementary cell was performed. The onset of an asymmetric electric potential distribution was found in the cell with highly velocity jets close to the baffle. The flow maintained the purely 2D state throughout the cell with axial currents and 3D flow being present only in the bend. The MHD pressure drops are calculated as 178.33 Pa.
The simulation results confirm that insulating flow channel inserts (FCI) are not required to decouple the fluid and the duct walls. However, in the real cell the magnetic field gradient and the coolant pipes would extend the presence of the 3D regime to the whole cell causing higher MHD pressure drops. A study with more realistic assumptions would be conducted in the future, extending the analysis to the manifold region.
